Introduction -What is the Cause of Death in Multiple Organ Failure?
Multiple organ failure (MOF) is a common cause of death in intensive care unit (ICU) patients [1] . But what are the mechanisms underlying the development of MOF? Why, when we can support many of the individual organs, e.g., the kidneys with extracorporeal renal support, the lungs with mechanical ventilation, etc., do we all too often end up withholding/withdrawing these life-supporting therapies when we feel that there is no chance of recovery, or more precisely that the "multiple organ failure" state has become irreversible.
Early therapy of patients with sepsis is associated with improved outcomes [2, 3] and worsening organ function early in the course of disease is associated with worse outcomes. Lopes Ferreira et al. [4] reported that worsening organ dysfunction, as assessed by an increasing sequential organ failure assessment (SOFA) score in the first 48 hours was associated with a mortality rate of at least 50% regardless of the baseline SOFA sore. More recently, we reviewed the time course of organ failure in two placebo-controlled sepsis clinical trials with Eli-Lilly and Co [5] . We found that improved cardiovascular, renal, or respiratory organ function within the first 24 hours following development of sepsis-induced organ dysfunction was associated with increased survival. Improved understanding of the mechanisms underlying the development of organ dysfunction and MOF may enable us to develop therapies targeted at preventing or limiting the early events associated with later development of fatal organ dysfunction, and hence improve outcomes. In this chapter, we will briefly explore some of the possible mechanisms involved in the terminality and irreversibility of organ failure.
The Role of Tissue Hypoxia
The lack of oxygen availability to the cell is perhaps the most obvious cause of organ failure, typically occurring in a patient with decreased blood flow as a result of advanced cardiovascular failure. Cells are able to withstand considerable reductions in oxygen concentration, but with prolonged or severe hypoxia, mechanisms are put into place to prevent oxygen depletion and to maintain cellular ATP levels and avoid cell death [6] . Various strategies are employed including increasing glycolysis to produce ATP and upregulating vascular endothelial growth factor (VEGF) which stimulates angiogenesis and hence oxygen delivery. Many of these mechanisms are controlled by the transcription factor, hypoxia-inducible factor (HIF)-1α which accumulates in hypoxia as its degradation is inhibited and its transcription is activated [7] . Activation of HIF during hypoxia results in the expression of glycolytic enzymes, membrane glucose transporters, VEGF, and erythropoietin, and many other genes involved in oxygen homeostasis and cell survival [7] . HIF-1 is also involved in coordinating the immune response to bacterial infection with effects on nitric oxide (NO) production and tumor necrosis factor (TNF)-α [8] . Although the role of HIF-1 in hypoxia is now relatively well understood, the mechanisms by which cells sense oxygen concentrations and the presence of hypoxia remain undefined. Potential candidates include prolyl hydroxylases and the mitochondria [9] . Whatever the underlying mechanisms, hypoxia can have deleterious effects locally. In the alveolar epithelium, for example, hypoxia impairs transepithelial sodium and fluid transport, may increase apoptosis, and disturbs tight junctions [6] .
The Role of Cellular Alterations
Hypoxia is not the only phenomenon involved in cell death and organ dysfunction. Patients may die with normal or high cardiac output, normal or high mixed venous oxygen saturation (SvO 2 ), although admittedly these are surrogate measures of local tissue hypoxia. Nevertheless, increased tissue oxygen tensions have been found in animals and patients with sepsis [10, 11] , suggesting that the problem may be with the way in which cells use available oxygen rather than (or in addition to) the actual oxygen availability. Cellular hibernation may also play a role. Hibernation is a process whereby cells down-regulate oxygen consumption, energy requirements, and ATP demand, a potentially protective mechanism in hypoxia and ischemia, which may become pathologic if the threat is prolonged. This has been shown to occur in myocardial cells during hypoxia, ischemia and sepsis, and it is interesting to speculate that hibernation may also occur in cells of other organs [12] .
The Role of the Mitochondrion
The role of the mitochondrion has been debated for decades, and these cellular 'power plants' are now believed to play a central role in cell and organ damage during various disease processes [13] . Mitochondrial oxidative phosphorylation is responsible for over 90% of oxygen consumption and ATP generation [14] , and the respiratory chain is inhibited by reactive oxygen and nitrogen species that are produced in large quantities in sepsis. Endotoxin injection in cats caused liver mitochondrial injury with damage to the inner and outer mitochondrial membranes [15] . In rats, intraperitoneal injection of endotoxin reduced diaphragm mitochondrial oxygen consumption and selective components of the electron transport chain, resulting in diminished electron flow, ATP formation and proton pumping [16] . The incubation of human umbilical vein endothelial cells in serum from patients with septic shock was associated with depressed mitochondrial respiration and reduced cellular ATP levels, effects which were attenuated by pre-treatment with a NO synthase (NOS) inhibitor or a blocker of poly(ADP-ribose) synthase [17] . In a clinical study, Brealey et al. [14] reported that mitochondrial dysfunction in skeletal muscle was associated with increased shock severity and mortality in patients with sepsis and MOF.
The Role of Necrosis and Apoptosis
Cells can die in one of two ways -necrosis or apoptosis. In necrosis, cells die as the result of exposure to a physiological stress, with cellular swelling and disintegration -this has been termed cellular 'murder' as the cell is an unwilling participant [18] . Apoptosis, or programmed cell death, on the other hand, has been described as cell 'suicide' as the cell is actively involved in its own death [18] . Apoptosis can be physiologic or pathologic and occurs via two main pathways. The first, the extrinsic pathway, is initiated by the activation of cell death receptors, e.g., Fas and TNF receptors 1 and 2, which results in the activation of caspase 8, which activates other caspases, ultimately leading to the cleavage of DNA and membrane lysis. The other pathway, the intrinsic pathway, involves the release of pro-apoptotic substances from mitochondria, leading to the activation of caspase 3 [19] . Increased apoptosis has been demonstrated in lung, liver, spleen, kidney and myocardium in animal models of septic or endotoxic shock [20, 21] . Human serum from patients with septic shock can activate apoptosis in human cardiomyocytes [22] , and human studies of septic shock have suggested increased apoptosis primarily in cells of the immune system although intestinal epithelial cells have also been implicated [23, 24] . A number of factors can delay apoptosis, including the pro-inflammatory cytokines interleukin (IL)-1, IL-8, TNF and interferon (IFN)-γ.
The Role of pH
The role of pH is complex. Although acidosis was long considered as harmful, work in the seventies showed that it may, in fact, have more protective than detrimental effects. Acidosis may occur as a result of increases in arterial PCO 2 (respiratory acidosis) or from a variety of organic or inorganic fixed acids (metabolic acidosis). Metabolic acidosis occurs wherever there is inadequate oxygen delivery to support energy metabolism and the most vulnerable organs are those that have the highest energy requirements, e.g., the brain and the kidney. Within organs, different cell types will be affected differently by acidosis as they have different energy requirements. Importantly, arterial pH may not reflect cellular pH, and the underlying cause of the acidosis may be more important than the acidosis itself [25] . Several studies have documented the effects of decreased extracellular pH on the synthesis and release of inflammatory mediators, especially TNF and NO [26, 27] . Because protein function is sensitive to the [H + ] of its environment, an increase in arterial [H + ] might be expected to have important detrimental effects on a host of bodily functions [28] . Lowering the arterial pH has been shown to cause a decrease in cardiac contractility, and a decrease in the responsiveness of adrenergic receptors to circulating catecholamines. Nevertheless, experimental data suggest that acidosis can be protective; a low pH delays the onset of cell death in isolated hepatocytes exposed to anoxia [29] and to chemical hypoxia [30] , and acidosis during reperfusion limits myocardial infarct size [31] . In addition, many patients with acute respiratory distress syndrome (ARDS) or status asthmaticus are now treated with permissive hypercapnia or hypercapnic acidosis, in which hypercapnia and acidemia are tolerated to avoid alveolar overdistention, and this therapy has been associated with a reduced 28-day mortality in patients with acute lung injury (ALI) or ARDS [32] .
Role of Oxygen Free Radicals
Oxygen free radicals have been widely studied and it is well established that they can be very cytotoxic. Under normal physiological conditions, a homeostatic balance exists between the formation of reactive oxygen species and their removal by endogenous antioxidant scavenging compounds. Oxidative stress occurs when this balance is disrupted by excessive production of reactive oxygen species, including superoxide, hydrogen peroxide and hydroxyl radicals, and/or by inadequate antioxidative defences including superoxide dismutase (SOD), catalase, vitamins C and E, and reduced glutathione (GSH) [33] . Oxidative stress causes damage to DNA, cellular proteins, and lipids. It also affects cellular calcium metabolism. Uncontrolled rises in intracellular free calcium can result in cell injury or death. Damage to DNA strands can occur directly by free radicals in close proximity to the DNA or indirectly, for example, by impairing production of protein needed to repair DNA. Free radicals can attack fatty acid side chains of intracellular membranes and lipoproteins causing lipid peroxidation. The products of lipid peroxidation can further damage membrane proteins, disrupting membrane integrity. In health, a balance of the reduction and oxidation (redox) of free radicals is maintained by endogenous antioxidant systems present extra-and intracellularly. Primary antioxidants prevent oxygen radical formation, whether by removing free radical precursors or by inhibiting catalysts, e.g., glutathione peroxidase and catalase. Secondary antioxidants react with reactive oxygen species which have already been formed, either to remove or inhibit them, e.g., vitamins C and E [33]. Anti-oxidant therapies have been proposed as treatment for a wide variety of diseases and conditions associated with cell death and organ dysfunction, from aging to arthritis to Alzheimer's disease, but despite the harmful effects of oxygen free radicals, they are an important component of mitochondrial respiration, prostaglandin production, and host defence. It is possible that excessive anti-oxidant administration may have negative effects. Clinical trials of various antioxidants, including N-acetylcysteine, in sepsis have given conflicting results but none has been associated with increased survival [34, 35 ]. The precise role of anti-oxidant therapies thus remains undetermined.
The Role of Nitric Oxide
The place of NO in cellular death and organ dysfunction is very complex! NO has many molecular targets and can have both beneficial and detrimental effects on many organ systems in sepsis [36] . Many of the effects of NO are mediated by the activation of guanylyl cyclase, resulting in the formation of guanosine monophosphate (cGMP). The reaction of NO with oxygen or superoxide can result in the formation of reactive nitrogen and oxygen species that can damage the cells. Particularly important is the reaction of NO with the superoxide ion, generating peroxynitrite, that can damage cell DNA, although NO may also protect cells from oxidative damage by scavenging oxygen free radicals and inhibiting oxygen free radical production [37].
The Role of Carbon Monoxide
Carbon monoxide and NO share a number of common characteristics, including involvement in vasodilation, bronchodilation, and platelet anti-aggregating effects [38] . Like NO, carbon monoxide binds to the heme moieties of hemoproteins, and at high concentrations induces tissue hypoxia. Some activities of carbon monoxide are mediated by cGMP, while others involve mitogen-activated protein kinase (MAPK) and other undefined pathways. Carbon monoxide possesses antiinflammatory actions including the down-regulation of TNF, IL-1 and IL-6, and augmentation of IL-10 [39] . Carbon monoxide is produced in the body from heme degradation catalyzed by heme oxygenases (HO). HO-1 activity is increased by lipopolysaccharide (LPS) [40] . In animal models of ALI/ARDS [41] and in patients with ARDS, HO-1 levels were raised in bronchoalveolar lavage fluid and lung biopsy tissue [42] . HO-1 has been shown to have anti-inflammatory, antiapoptotic, and antiproliferative effects, with salutary effects in diseases as diverse as atherosclerosis and sepsis [43] . HO-1 and its major downstream product, carbon monoxide, are generally believed to have primarily cytoprotective effects [44] : Rats exposed to hyperoxia in the presence of a low concentration of carbon monoxide (250 ppm) exhibit less lung injury than control rats exposed to oxygen alone [45] ; in mice, carbon monoxide protects against ischemic lung injury [46] ; in mouseto-rat cardiac transplants exogenous carbon monoxide suppressed graft rejection, associated with inhibition of platelet aggregation, thrombosis, myocardial infarction, and apoptosis [47] ; and carbon monoxide pretreatment in a pig model of LPS-induced ALI improved the derangement in pulmonary gas exchange, reduced the development of disseminated intravascular coagulation (DIC) and completely suppressed serum levels of IL-1, while augmenting the anti-inflammatory cytokine IL-10, and blunted the deterioration of kidney and liver function [48] . However, given the known toxic effects of higher doses of carbon monoxide further research is needed before carbon monoxide moves into the clinical arena.
Other Pathways
There are multiple other potential pathways involved in the cellular alterations that lead to organ dysfunction, many of which remain to be discovered. Some examples include: leptin with reduced leptin levels contributing to a decreased host response [49] ; bombesin/gastrin-releasing peptide (GRP), which is secreted by activated macrophages and may be involved in the control of central nervous system and gastrointestinal system functions, cancer growth and immune cell regulation [50] ; and glycogen synthase kinase (GSK)-3, a serine-threonine protein kinase, inhibition of which attenuated the renal dysfunction, hepatocellular injury, pancreatic injury and neuromuscular injury induced by endotoxemia in the rat [51] .
Immune Dysregulation
Cytokines like TNF are essential to protect ourselves from microbial invasion, but at the same time can be the cause of organ damage. TNF administration in animals can reproduce all the elements of MOF, with shock, ARDS, coagulation abnormalities, etc. [52] . The roles of some cytokines, e.g., TNF and IL-1, have been well demonstrated as promoting the inflammatory response. However, almost in parallel with the surge of pro-inflammatory mediators, there is a rise in antiinflammatory substances, e.g., IL-10, the result being a state of immunoparalysis (or 'monocyte hyporesponsiveness') [53] . During sepsis, monocyte/macrophage desensitization may result from depletion of protein kinase Cα [54] .
Apart from the key cytokines, multiple other mediators and cells play a role in the immune dysregulation that leads to organ dysfunction. For example, transforming growth factor (TGF)-β plays an important role in the development of ALI [55] . Other mediators are released later, like high mobility group box 1 (HMGB1) and macrophage migration inhibitory factor (MIF) [56, 57] . The neutrophil is an important cell, playing a critical role in host defence, but also releasing a number of toxic products including reactive oxygen species, proteases, and eicosanoids [58] .
As techniques become available that can assess and monitor the immune status better, the effects of immune dysregulation on organ function and outcomes will become clearer.
The Role of Fever
Although attempts are often made to reduce fever, fever may be protective. In a mouse model of Gram-negative pneumonia, fever was associated with increased neutrophil accumulation, pro-inflammatory cytokine release, and pulmonary endothelial and epithelial injury [59] . Antipyretic therapy may contribute to worse outcomes, with Schulman et al. [60] suggesting an increased risk of infections and increased mortality rates in trauma patients treated to maintain body temperature less than 38.5
• C as compared to those in whom anti-pyretic treatment was not initiated until a temperature of 40
• C. Hypothermia may increase the risk of infection with subsequent organ dysfunction, and this may account for the disappointing results of induced hypothermia in severe head trauma [61] .
Influence of Organ Systems
The Role of the Endothelium
The endothelium is a vast organ lining all the organs and may, therefore, represent a link to account for the development of MOF. Endothelial cells are involved in a range of vascular activities including vasoconstriction and vasodilation, thrombosis and fibrinolysis, atherosclerosis, angiogenesis, and inflammation. Damage to the pulmonary vascular endothelium occurs in patients with ARDS [62] and endothelial damage has been implicated in many other disease processes leading to organ dysfunction, although the mechanisms underlying these alterations are still largely undefined. Microvascular abnormalities have been well described in sepsis with reduced vessel density and fewer perfused small vessels [63] . Insufficient availability of sphingosine 1-phosphate, a potent barrier enhancing lipid produced by numerous cell types including platelets, can participate in alterations in vascular permeability leading to vascular leakage and compromised endothelial integrity [64] . The availability of growth factors is very important to normal endothelial function, and decreased availability of VEGF may contribute to capillary leak syndrome, even though its overexpression may be deleterious [65] . The release of endothelial progenitor cells, involved in the repair of damaged vasculature, into the circulation is associated with improved survival in patients with ALI [66] . Angiotensin may also play a role in endothelial dysfunction [67] , and adrenomedullin may help stabilize endothelial barrier function [68] . Markers like endocan (endothelial cell specific molecule-1) are associated with disease severity in sepsis, and may be useful in monitoring endothelial dysfunction [69] .
The Role of Coagulation Abnormalities
Many patients with organ failure develop coagulation abnormalities secondary to DIC. Teleogically, this reaction aims at reducing the spread of an infection. Coagulation abnormalities are related to the development of organ failure and the severity of organ dysfunction [70] . The mechanisms underlying this again remain largely unknown, although microvascular thrombosis has been suggested to play a role. Thrombin, levels of which are increased in sepsis, can impair alveolar fluid clearance and increase endothelial permeability [71] . A number of studies have documented a complex interplay between the coagulation response and the inflammatory response, hence the suggestion that anti-coagulation may limit the severity of organ failure. Studies have shown the beneficial effects of activated protein C (APC, drotrecogin alfa [activated]) [72] , but these have not been demonstrated conclusively for antithrombin [73] or tissue factor pathway inhibitor (TFPI) [74] . Further investigation reveals that even though these three agents are all natural anti-coagulants, they have different modes of action. The mode of action of APC is very complex, largely mediated by the endothelial PC receptor (EPCR) [75] . Recent studies have even suggested that APC derivatives may be developed that keep the beneficial cytoprotective effects but have a reduced anticoagulant action [76] .
The Role of the Epithelium
The epithelium also plays an important role in the pathophysiology of lung injury and other disease processes [77] . Derangements in the formation or function of tight junctions in epithelial cells may be a key factor leading to lung, liver, gut, and perhaps kidney dysfunction in conditions such as sepsis and ALI [78] . Epithelial apoptosis may also play an important role [79] .
The Role of the Gut
While the gut has long been proposed as the motor of organ failure [80] , this remains a hypothesis, although splanchnic hypoperfusion may contribute to immunosuppression [81] . Many studies have focused on the role of vasoactive agents on the distribution of blood flow [82] , but the clinical implications of these findings are still questionable. Perhaps the most compelling evidence supporting the gut theory is the protective effects of selective digestive decontamination (SDD) [83] .
The Role of the Brain
Much is mediated by the brain and nervous systems, and brain death can induce profound disturbances in endocrine function and an intense inflammatory reaction [84] . Brain injury may alter bone metabolism following trauma [85] and massive head trauma can also exacerbate lung injury [86] . Neuroimmunological pathways have recently been identified, which may be influenced by nutrition [87] .
The Role of the Endocrine System
The importance of relative adrenal insufficiency has been underlined recently [88] , as has the role of hyperglycemia [89] . Acute, even transient, hyperglycemia can significantly alter innate immunity and result in immunosuppressive effects [90] . Exposure to glucose-rich solutions has been associated with increased neutrophil apoptosis although this may have been due to the increased osmolarity [91] . Hyperglycemia can increase the expression of adhesion molecules on leukocytes as well as on endothelial cells [92] , and may also contribute to permeability alterations by increasing endothelial glycocalyx permeability [93] . Van den Berghe and colleagues recently showed that tight blood sugar control can provide endothelial protection and limit hepatic mitochondrial damage [94, 95] . Insulin itself may have anti-inflammatory effects, by inhibition of nuclear-factor-kappa B (NF-κB) and stimulation of inhibitor kappa B (I-κB) [96] . Insulin can also increase highdensity lipoproteins (HDL).
Interorgan Interplay
We have discussed these organ systems separately, but clearly complex interactions exist between organs. For example, endotoxin-induced lung injury requires interaction with the liver. In an experimental piglet preparation, Siore et al. noted that endotoxemia caused pulmonary vasoconstriction and neutrophil sequestration but not lung injury in isolated lungs; for cytokine release, oxidant stress and lung injury to occur, the presence of the liver was necessary [97] .
Therapeutic Interventions -the Iatrogenic Component
Various interventions that have been used in intensive care medicine have, in fact, been found to have negative effects in some patients (Table 1) . For example, therapies instituted with the intent of raising oxygen delivery (DO 2 ) to supranormal levels may have had deleterious effects [98] . Mechanical ventilation with excessive tidal volumes may result in harmful effects not only on the lungs [99] but also on other organs, by the release of pro-inflammatory mediators [100] . Mechanical ventilation per se may promote bacterial growth [101] . Inotropic agents with beta-adrenergic properties can have immunosuppressive effects, and, likewise, anesthetic and sedative agents may influence a patient's immunity [102] . Propofol, a commonly used sedative agent, may have anti-inflammatory effects, anti-arrhythmic drugs may have pro-arrhythmic effects, and diuretics may alter renal function [103] . 
Conclusion
The mechanisms underlying MOF are complex and intertwined. Cellular alterations combine with immune dysregulation and individual organ factors to produce tissue dysfunction and death. What or if there is a final common element in this process remains to be determined. In addition, all these factors are influenced by genetic factors, with increased risks of developing disease and associated organ dysfunction dependent in part on genetic makeup. The pre-existing degree of inflammatory stimulation may also influence the development of sepsis [104] .
Clearly there is much we do not know about how the various mechanisms are triggered and then work together to their MOF endpoint, but new insights and inroads are being made on an almost daily basis. With these developments comes the exciting challenge of converting the science into clinical strategies that can assist in preventing or reversing organ dysfunction. 
